In this study, we report a comprehensive density functional theory investigation of the structure and thermodynamic stability of FeCl 2 and FeCl 3 surfaces. Calculated lattice constants and heats of formation for bulk FeCl 2 and FeCl 3 were found to be in relatively good agreement with experimental measurements. We provide structural parameters for 15 distinct FeCl 2 and FeCl 3 surfaces along the three low-index orientations. The optimized geometries for all surfaces are compared with analogous bulk values. Ab initio atomistic thermodynamic calculations have been carried out to assess the relative thermodynamic stability of FeCl 2 and FeCl 3 surfaces under practical operating conditions of temperatures and pressures. The FeCl 2 (100-Cl) surface is found to afford the most stable configuration at all experimentally accessible gas phase conditions. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4891577]
I. INTRODUCTION
The chemisorption of halogenated species on iron-based surfaces is of importance for numerous technological applications, such as magnetic sensors and recording media, catalyst, and metallurgical process. [1] [2] [3] [4] Moreover, iron (ferric) chlorides are commonly used in environmental applications: for instance, ferric(III) chloride is commonly used in water treatment as a coagulant to remove organic content. 5 Ferric chlorides are also deployed as a potential leaching agent in chemical beneficiations of many metals. 6 The functionality of ferric chlorides stems from their reported high reactivity and stability at elevated temperatures. However, ferric chlorides also act as aggressive corrosive materials, which in turn reduces the lifetime of mechanical equipment and pipelines. 7 In addition, ferric chlorides are found as prominent heavy metal pollutants resulting from the incineration of municipal solid waste. 8, 9 Despite the importance of ferric chlorides in industrial and environmental applications, an atomic-based description of ferric chlorides surfaces is still lacking in the literature. Previously, experimental [10] [11] [12] [13] [14] [15] and theoretical studies 16 have focused on the interaction of chlorine molecules with different clean iron surfaces. In a recent theoretical study, 17 we performed detailed density functional theory (DFT) periodic-slab investigation of the interaction between atomic chlorine and the clean Fe (100) surface. Our results indicated that the formation of iron chlorides via substitutional adsorption is thermodynamically unfavorable. Our results were in accord with earlier experimental measurements with regard to the absence of chlorine diffusion into bulk Fe.
Here we investigate the structural, electronic, and thermodynamic properties of a range of iron chloride surfaces a) Author to whom correspondence should be addressed. using density functional theory calculations. We use the robust technique of ab initio atomistic thermodynamics 18, 19 to address the relative thermodynamic stability of ferric chloride surfaces: the essence of this technique is to deploy energies from first principles calculations on microscale systems to obtain thermodynamic values such as the Gibbs free energy of adsorption. As Fe(I)Cl is not stable in its solid state and only exists in the vapor phase, 14 we limit our analysis to FeCl 2 and FeCl 3 surfaces. Our aim in this study is twofold: first, we aim to provide optimized geometries for all plausible perfect FeCl 2 and FeCl 3 surfaces. Second, we aim to determine the most stable configurations under realistic operational conditions of varying temperatures and pressures.
II. CALCULATION METHODOLOGY

A. Density functional theory calculations and convergence
The spin-polarized generalized gradient approximation based on the Perdew-Wang functional (PAW-GGA) was deployed in all structural and energetic calculations as implemented in the VASP code. [20] [21] [22] FeCl 2 and FeCl 3 surfaces were modelled using super-cells containing symmetric slabs (with inversion symmetry). FeCl 2 surfaces generally contained slabs with 6-18 atomic layers (ranging from 16 to 34 atoms) and a 20-28 Å vacuum region between adjacent vertical slabs. In calculations of FeCl 3 surfaces, 10-24 atomic layers (containing 32-46 atoms) with a 20-30 Å vacuum region were used. All surfaces were fully relaxed while keepingsurfaces. The irreducible part of the BZ grid for the FeCl 3 surfaces consisted of 5 k-points in all directions. Tests on (100-Fe) for the FeCl 2 system using an energy cutoff 400 eV and a 13 irreducible k-points changed its total energy by only 1.6 MeV, indicating adequate convergence with respect to these parameters. A similar test on the FeCl 3 (101) surface changed its total energy by only 1.2 meV. The total energy converged to an accuracy of 10 −4 eV, and the forces on each ion to an accuracy of 0.02 eV Å −1 .
B. Ab initio atomistic thermodynamics
DFT total-energy calculations described in Sec. II A are used as input for the ab initio atomistic thermodynamics calculations. 18, 19 This approach has been comprehensively demonstrated in numerous studies. [24] [25] [26] [27] [28] Here, we only present a brief overview. In these calculations, the most stable surface structure or configuration at a given temperature (T) and pressure (P) is the one that minimizes the surface free energy, γ (T, P): Finally, the change in chlorine chemical potential
Considering that positive values of μ Cl (T, p) impose unrealistic conditions with regard to the tendency of Cl 2 to decompose into its constituent atomic chlorine, practical conditions necessitate deploying negative values, entailing that Cl 2 reforms from atomic chlorine.
III. RESULTS
A. Bulk structure and unit cells
Iron chloride exists in two forms: iron(II) chloride (ferrous chloride, FeCl 2 ), and iron(III) chloride (ferric chloride, FeCl 3 ). Under normal conditions, bulk FeCl 2 occurs in a monoclinic structure with Cl octahedral around Fe, while bulk FeCl 3 exhibits a hexagonal unit cell. These unit cells are depicted in Fig. 1 . Calculations of the lattice constant of the unit cells and the heat of formation were carried out using an energy cutoff 600 eV and automatic generation of k-points sampling of (12 × 12 × 12) centered at the point. The heat of formation E f of the FeCl 2 and FeCl 3 was calculated according to
In which E Bulk FeCl n and E Bulk Fe refer to the total energies of bulk iron chloride and bulk iron per unit formula, correspondingly.
Optimized lattice constants and calculated values for the heats of formation are presented in Table I along with the corresponding experimental data. 29, 30 The energy of formation (E f ) of FeCl 2 and FeCl 3 was calculated to be −2.31 and −5.67 eV, respectively. These values are seen to slightly deviate from analogous experimental values of −3.55 and −4.15 eV, respectively. The lattice constants a and b of FeCl 2 are in a reasonable agreement with corresponding experimental measurements at 3.585 Å. However, our predicted c lattice constant significantly overshoots the experimental value. This deviation could be attributed to the well-documented shortcoming of the standard DFT methods in describing longrange interactions. The a and c lattice constants of FeCl 3 overshoot the experimental values by 0.22 Å and 0.55 Å. Nearest atomic distances in bulk FeCl 2 and FeCl 3 are given in Table II . Bearing in mind the paucity of experimental measurements for lattice constants and E f for FeCl 2 and FeCl 3 , our calculated values in Table I serve as initial predictions toward more accurate values. The noticeable difference between calculated and experimental c lattice constant may contribute to the deviation of calculated E f from their analogous experimental values. (100), (101), (110), and (111). Each of the (001) and (100) surfaces exhibits two distinct terminations depending on whether they terminate with Fe or Cl atoms in their outermost layer. Fig. 2 presents side and top views for the optimized structures of FeCl 2 (001-Cl) and (001-Fe), and the primary structural parameters for these two surfaces are given in Table III . Similarly, Fig. 3 shows side and top views of the optimized structures of FeCl 2 (100-Cl) and FeCl 2 (100-Fe) and with structural parameters shown in Table IV . The optimized geometries for the remaining surfaces of FeCl 2 that we considered, (101), (110), and (111), are shown in Fig. 4 and Table V .
Surface relaxations and reconstructions were found to be minimal for (001-Cl), (001-Fe), and (100-Cl). Optimized structures of the other four FeCl 2 configurations indicate that Fe-terminated surfaces are not stable. For instance, the FeCl 2 (100-Fe) surface initially contains only Fe atoms at its topmost layer, whereas the optimized minimum energy structure displays that the surface becomes terminated with Cl atoms. The initial structure of the FeCl 2 (110) surface contains Fe and Cl atoms in its outermost layer, however, the outermost layer of the optimized surface constitutes of Cl atoms only. The downward displacement of Fe atoms was also observed for FeCl 2 (101) and (111) surfaces.
In the case of FeCl 3 we investigated eight surfaces from seven distinct orientations: (001), (010), (011-Cl), (011-Fe) (100), (101), (110), and (111). The (001) and (100) orientations (i.e., parallel to the xy-and yz-planes, respectively) offer equivalent structural compositions. The optimized We are now in a position to make some general remarks regarding the geometrical characteristics of optimized 
C. Thermodynamic phase diagrams
In order to address the stability of FeCl 2 and FeCl 3 surfaces we applied the technique of ab initio atomistic thermodynamics. The fundamental assumption of this approach is that FeCl 2 and FeCl 3 surfaces are formed because of the existence of an Fe bulk in a chlorine gas phase reservoir imposed by a given Cl chemical potential. We estimated surface free energies as a function of chlorine chemical potential, as demonstrated in Sec. II B. In practice, the chlorine chemical potential varies only within certain limit: a lower limit (termed the Cl-poor limit) signifies the decomposition of the iron chloride into its constituent elements, iron metal, and gaseous chlorine. It follows that reasonable Cl-poor limit values for FeCl 2 and FeCl 3 can be set at their E f values, −2.31 eV and −5.67 eV, respectively. Correspondingly, the upper limit (Cl-rich) values denote a very rich gaseous chlorine environment, i.e., zero chlorine chemical potential. Table IX presents calculated values of γ (T, P) at the two defined boundaries alongside with ratios of chlorine to iron atoms (R Cl/Fe ) for all FeCl 2 and FeCl 3 surfaces. A thermodynamic equilibrium is established between these two boundary limits. Thus, it is instrumental to explore trends in surface energies when as chlorine chemical potential gradually increases from Cl-poor limit to Cl-rich limit. It is evident from the energy phase diagram in Fig. 8 (a) that the thermodynamic stability of the FeCl 2 system is dominated by two terminations, namely, the 001-Fe and 100-Cl surfaces. As the most chlorine-deficient termination (R Cl/Fe = 1.5), the 001-Fe surface is the only configuration that is associated with a positive slope. As a result, the 001-Fe surface displays a very high stability in regions below the Clpoor limit (i.e., <−3.95 eV). Between the Cl-poor and Clrich limits the prevailing stability of the chlorine-rich 100-Cl surface is easily recognized. All of the other terminations incur very high surface energies. The noticeable stability of the 100-Cl surface sources from its high chlorine-rich termination (R Cl/Fe = 3. 0) which serves to favor its formation under Cl-rich surrounding gas phase. The facts that geometries of the 100-Cl surface largely exhibit corresponding geometries of bulk FeCl 2 also contribute to its high stability ordering. than −4.0 eV, the (101) surface is thermodynamically the most stable construction. As the Cl chemical potential increases over a short range of −4.0 to −3.0 eV, the (001) surface becomes the most favorable configuration in this range. As the chlorine chemical potential become greater than −3.0 eV (toward the Cl-rich limit), the surface favors the formation of the (011-Cl) structure. Combining the two-phase diagrams in Fig. 8 reproduces the stability ordering of FeCl 2 in Fig. 8(a) . While FeCl 3 configurations are more "chlorine-rich" than FeCl 2 surfaces (i.e., higher R Cl/Fe ratios), the FeCl 2 (100-Cl) termination has a greater thermodynamic stability than all FeCl 3 surfaces over the entire range of chlorine chemical potentials that were considered. This finding is in agreement with the experimental findings of Hino and Lambert, 14 who found that the lowpressure interaction of chlorine results in the formation of FeCl 2 bulk. Their thermochemical analysis indicated a preferential desorption of FeCl 2 , rather than FeCl or FeCl 3 . Putting this into the context presented in the Introduction: while appreciable loads of FeCl 2 have often been detected in products of municipal waste incinerations, 31 there are no definite measurements pertinent to FeCl 3 . We note, however, that the overall distributions of FeCl 2 and FeCl 3 do not only depend on their thermodynamic stability, but kinetic factors can also be of quite significant importance.
To the best of our knowledge, there are no previous reports investigating the thermodynamic stability of other metallic chlorides that we may compare our data with. 24 and CuO 27, 28 have consistently concluded that oxygen-covered terminations afford the most stable surfaces. The phase diagrams in Fig. 8 indicate that facets of iron chloride crystals are more likely to be dominated by the FeCl 2 (100-Cl) at all experimentally accessible gas phase conditions. In our recent study of the interaction of chlorine with the clean Fe (100) surface, 17 we have pointed out that substituted adsorption of chlorine atoms with a coverage of 2.0 produces the FeCl 2 (001-Cl) surface. However, that configuration was found to be among the lowest stable structures in the system of Cl and Fe(100). In an agreement with our previous conclusion, 17 the FeCl 2 (001-Cl) is significantly higher in energy than the most stable termination of FeCl 2 (100-Cl). It is insightful to assess the effect of defects or FeCl clustering on the structure and the stability of the FeCl 2 (100-Cl) surface.
D. Density of state
Having discussed the energetic and geometric features of a broad range of low-index iron chloride surfaces, we now consider the electronic structures via calculating projected density of states (PDOS) for selected surface reconstructions. Fig. 9 shows the PDOS for the bulk FeCl 2 and the FeCl 2 (001-Cl) surface. Our calculation for bulk FeCl 2 [ Fig. 9(a) ] indicates that the surface state band resides just above the Fermi level (at zero eV) where one region is highlighted. This region extends from 0.5 to 1.0 eV. Two distinct bands in the valence region can be observed: the first one is between −0.5 and −2 eV, while the other distinct band stretches from −2.7 to −4 eV. These bands predominantly belong to both Fe (3d) and Cl (3p). Further investigation of the PDOS of the FeCl 2 (001-Cl) structure shows two main regions in the valence band below the Fermi level. The first band occupies the region of −3.2 to −4 eV, while the wide band is extending from −5 to −9 eV, these two bands can be attributed to the hybridized Fe 3d-Cl 3p. A wide band gab of 1.0 eV is also observed. The PDOS of the FeCl 2 (001-Cl) shows generic features similar to that of bulk FeCl 2 . An additional small unoccupied Fe (3d) band can be seen at +2.5 eV, reflecting an incomplete filling of the 3d shell of iron. This surface does not exhibit metallic character. Considering the PDOS of the bulk chloride FeCl 3 [ Fig. 9(c) ] we can see two distinct bands in the unoccupied state in the ranges of 3-4 eV, and 1-2 eV. These two bands show predominantly both Fe (3d) and Cl (3p) characters. The hybridized Fe 3d-Cl 3p band is near the Fermi level and extends to −4 eV. In this case, the distinct band at the Fermi level is evidence of metallic character for the bulk material. Comparing the PDOS of the FeCl 3 (100) structure with the PDOS of the bulk FeCl 3 [ Fig. 9(d) ] we see a shift and a broadening of the bands. Most notably, the hybridized Fe 3d-Cl 3p band extends to a lower energy (away from the Fermi Level) and becomes wider at 5.5 eV. The disappearing of the distinct peak at the Fermi level indicates that unlike the bulk, the (100) surface does not exhibit metallic character.
IV. CONCLUSIONS
We performed detailed DFT calculations to investigate the atomic structure, energies, and thermodynamics stabilities of various perfect FeCl 2 and FeCl 3 surfaces. We have calculated the surface free energies by incorporating the effect of temperature and pressure into the total DFT energy for all plausible low-index surfaces with various terminations and presented these energies as a function of the chloride chemical potential. The FeCl 2 (100-Cl) is thermodynamically the most stable configuration under all practical conditions of varying temperatures and pressures. Electronic structures in terms of PDOS were addressed for selected structures. The PDOS of the FeCl 2 (001-Cl) shows a similar generic feature to that of the bulk FeCl 2, where the latter is found to exhibit metallic character. The PDOS of the FeCl 3 (100) surface shows a shift and a broadening of the hybridized Fe 3d-Cl 3p band to a lower energy away from the Fermi Level.
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